Tree rats of the genus Phyllomys are arboreal rodents endemic to the Brazilian Atlantic Forest. Previous phylogenetic analysis of mitochondrial DNA resulted in a basal polytomy of species in this genus, suggesting rapid speciation. Here we expanded this data matrix by adding specimens and both nuclear and mitochondrial genes. We found 2 basal clades: P. pattoni + P. mantiqueirensis; and a clade split into 6 lineages: southern clade ([P. sulinus + P. nigrispinus] + P. dasythrix); northeastern clade ([P. brasiliensis + P. lamarum] + P. blainvilii); Phyllomys sp. 1; Phyllomys sp. 2; Phyllomys sp. 3; and P. lundi. The discovery of 3 potentially new species calls for a reevaluation of the taxonomy of Phyllomys species. The combination of nuclear and mitochondrial markers increased the resolution of the tree, although the basal topology is poorly supported. The patterns of geographic distribution and phylogenetic relationships are compatible with parapatric diversification within Phyllomys through ecological gradients of latitude beginning 3.69 million years ago and of altitude 4.34 million years ago.
Tree rats of the genus Phyllomys are arboreal rodents endemic to the Brazilian Atlantic Forest. Previous phylogenetic analysis of mitochondrial DNA resulted in a basal polytomy of species in this genus, suggesting rapid speciation. Here we expanded this data matrix by adding specimens and both nuclear and mitochondrial genes. We found 2 basal clades: P. pattoni + P. mantiqueirensis; and a clade split into 6 lineages: southern clade ([P. sulinus + P. nigrispinus] + P. dasythrix); northeastern clade ([P. brasiliensis + P. lamarum] + P. blainvilii); Phyllomys sp. 1; Phyllomys sp. 2; Phyllomys sp. 3; and P. lundi. The discovery of 3 potentially new species calls for a reevaluation of the taxonomy of Phyllomys species. The combination of nuclear and mitochondrial markers increased the resolution of the tree, although the basal topology is poorly supported. The patterns of geographic distribution and phylogenetic relationships are compatible with parapatric diversification within Phyllomys through ecological gradients of latitude beginning 3.69 million years ago and of altitude 4.34 million years ago. The Atlantic tree rats of the genus Phyllomys Lund, 1839, are Neotropical arboreal rodents endemic to the Brazilian Atlantic Forest (Leite 2003) , one of the most important biodiversity hot spots on the planet (Myers et al. 2000) . Most species of this genus and related genera were described before the mid-19th century, when international rules of nomenclature were not in effect, precise location of collecting sites often was unavailable, and the cranial morphology was not described in detail (Emmons et al. 2002) . As a result, the taxonomy of Phyllomys was confusing, and members of this genus were classified inconsistently in the literature as Nelomys Jourdan, 1837 (Emmons and Feer 1997; Thomas 1916) , or as Echimys G. Cuvier, 1809 (Cabrera 1961; McKenna and Bell 1997; Woods 1993) . A recent taxonomic review of Phyllomys confirmed this name for the Atlantic tree rats, and described a new species, P. pattoni Emmons et al., 2002 . Leite (2003 published a systematic revision of the genus, integrating morphological and molecular data, and recognized 12 species. This number recently has been expanded to 13 with the description of P. sulinus Leite et al., 2008 . Examination of molecular data suggests the Amazonian genus Echimys as the sister group to Phyllomys (Galewski et al. 2005; Lara et al. 1996; Patterson and Velazco 2008 ).
Phyllomys species are poorly known, probably due to their arboreal and herbivorous diet, which makes them difficult to capture in live traps traditionally used in mammal surveys. Most Phyllomys species are represented poorly in scientific collections and are usually available from only a few localities. Furthermore, P. mantiqueirensis Leite, 2003 , P. lundi Leite, 2003 , and P. unicolor (Wagner, 1842 are known from 1 or 2 specimens. Thus, morphological studies of intra-and interspecific variation that require large series for comparative analyses are not possible.
Phylogenetic analysis using the mitochondrial cytochromeb gene (Cytb-Leite 2003) , including representatives of 9 species of Phyllomys, confirmed the monophyly of the genus and indicated 2 clades: the southern clade, formed by P. dasythrix Hensel, 1872, and P. sulinus, and the northeastern clade, with P. lamarum (Thomas, 1916) , sister to P. brasiliensis Lund, 1840, and P. blainvilii (Jourdan, 1837) as sister to both of these species. Evolutionary relationships among the other species of the genus are still uncertain, with a basal polytomy that might be due to conflicting phylogenetic signal (soft polytomy), or rapid speciation (hard polytomy), as also suggested for genera of Echimyidae (Lara et al. 1996; Leite and Patton 2002) . Leite (2003) reviewed the Atlantic Forest biogeographic history, addressing environmental changes that might have affected the diversification of Phyllomys species, including forest refuges and tectonic activity. However, these environmental changes were not linked directly to the diversification within the genus because divergence times were not estimated from the DNA data.
Mitochondrial DNA (mtDNA) has been used widely as a tool for inferring phylogenetic relationships among organisms (Hewitt 2001) . Its application is due mainly to maternal transmission, haploidy, and lack of recombination, resulting in a high rate of evolution when compared to most nuclear genes (Avise 1998) . The rapid evolution of this molecule often provides a reference point for species limits in mammals (Bradley and Baker 2001) but might not be appropriate for clarifying deeper phylogenetic relationships (Steppan et al. 2005) . Moreover, the phylogeny generated from the analysis of a single gene, or linked genes, might not reflect the evolutionary history of lineages (Degnan and Rosenberg 2009; Nichols 2001) . Recent studies advocate the use of more than 1 gene to construct phylogenies, including mitochondrial and nuclear markers (Galewski et al. 2005; Michaux et al. 2002; Steppan et al. 2004 Steppan et al. , 2007 Suzuki et al. 2004; Themudo et al. 2009 ), because genes with slower evolutionary rates are useful for recovering earlier relationships. To our knowledge, only 1 study has used nuclear genes to infer phylogenetic relationships among species of echimyids (Patterson and Velazco 2008) in the brush-tailed rats of the genus Isothrix Wagner, 1845. The aims of our study were to clarify the phylogenetic relationships among Phyllomys species using multiple nuclear and mitochondrial genes, to date speciation events, and to infer biogeographic scenarios for the diversification of the genus.
MATERIALS AND METHODS
Specimens.-Tissue samples (liver or muscle) preserved in ethanol were obtained from 47 individuals representing 9 of the 13 currently known species of Phyllomys, including 3 holotypes and 2 paratypes (Appendix I): P. blainvilii, P. brasiliensis, P. dasythrix, P. lamarum, P. lundi, P. mantiqueirensis, P. nigrispinus (Wagner, 1842), P. pattoni, and P. sulinus. The echimyid genera Echimys and Makalata were used as outgroups. Because we did not have access to tissues of Echimys, we incorporated GenBank sequences in the analyses.
DNA sequencing.-DNA was extracted following the protocol described by Bruford et al. (1992) and used in polymerase chain reactions to amplify fragments of 2 mitochondrial genes, including 801 base pairs (bp) of Cytb and 657 bp of the cytochrome-c oxidase I gene (COI), and 2 nuclear genes, including 1,245 bp from exon 1 of the interphotoreceptor retinoid binding protein gene (IRBP) and 1,173 bp from exon 28 of the von Willebrand factor gene (vWF). Sequences generated have been deposited in GenBank under the accession numbers JF297657-JF297839 (Appendix I). For Echimys we used Cytb, IRBP, and vWF sequences from GenBank (accession numbers L2334, AJ427247, and AJ251141, respectively). For each polymerase chain reaction with final volume of 25 ml we added 2.5 ml of 103 buffer, 1.0 ml of MgCl 2 (50 mM), 0.5 ml of deoxynucleoside triphosphate mix (10 mM for each nucleotide), 0.3 ml of each primer (10 mM), 3 units of Taq Platinum (Invitrogen Corporation, Carlsbad, California), and 1 ml of DNA template.
For the amplification of specific fragments we used the following primer combinations: MVZ05 and MVZ16 (Smith and Patton 1993) for Cytb; LCO1490 and HCO2198 (Hebert et al. 2003) or a cocktail with primers LepF1_t1, VF1d_t1, LepR1_t1, and VR1d_t1 with a M13 tail added (Ivanova et al. 2007 ) for COI; +IRBP217 and 2IRBP1531 (Stanhope et al. 1992 ) for IRBP; and V10, W13 (Galewski et al. 2005) , V2, and W1 (Huchon et al. 1999) for vWF. The polymerase chain reaction profiles included an initial denaturation at 94uC for 5 min, followed by 30-39 polymerase chain reaction cycles and a final extension at 72uC for 7 min. Cycles began with a denaturation at 94uC for 30 s, annealing at 44-60uC for 30-90 s, and extension at 72uC for 1-3 min.
The polymerase chain reaction product was purified using ExoSAP enzymes (GE Healthcare Life Sciences, Cleveland, Ohio), and the cycle-sequencing reaction was performed with Big Dye version 3.1 kit (Applied Biosystems Inc., Foster City, California), following the manufacturer's protocol. Samples were sequenced in both directions using an automated DNA sequencer ABI 310 or ABI 3700 (Applied Biosystems Inc.), with the same primers listed above, except for the COI cocktail, which we sequenced using M13F (221) and M13R (227) primers (Messing 1983) .
Alignment and estimation of genetic divergence.-Sequences were aligned using Clustal W (Larkin et al. 2007 ) through the MEGA 3.1 (Kumar et al. 2004 ) interface and were verified by eye. Heterozygous loci of nuclear genes were treated as polymorphisms and represented according to the standard international ambiguity codes (IUPAC-IUB Commission on Biological Nomenclature 1974). For sites where the uncertainty of the base call was due to lack of resolution in the electropherogram, we used the ambiguity code ''n.'' Pairwise genetic distances for each gene were calculated in MEGA 3.1 using the Kimura 2-parameter model (K2p- Kimura 1980) .
Phylogeny.-Maximum-parsimony analyses with heuristic searches were performed in PAUP* 4.0b (Swofford 2000) , with stepwise addition and a limit of 100 rearrangements of tree-bisection-reconnection used in the branch-swapping algorithm. The maximum-likelihood analyses were conducted in PhyML 3.0 (Guindon and Gascuel 2003) using the ATGC Bioinformatics Platform (http://www.atgc-montpellier.fr). Statistical support for maximum-likelihood and maximum-parsimony analyses were estimated by bootstrap with 500 pseudoreplicates.
The Bayesian inference was performed in BEAST 1.6.1 (Drummond and Rambaut 2007), running for 2 3 10 generations, sampling 1 tree every 2 3 10 3 generations, and resulting in 10 4 trees. We split the concatenated data set into 3 partitions (mitochondrial, vWF, and IRBP), which were allowed to evolve under different models. We computed the 50% majority-rule consensus tree after a burn-in of 10 3 trees in TreeAnnotator from the BEAST package. Only groups with Bayesian posterior probability (BPP) 95% were considered significant. The program jModelTest (Posada 2008 ) was used to establish the best evolutionary model according to the data for Bayesian and maximum-likelihood analyses, using the corrected Akaike information criterion (Sugiura 1978) and limiting the search to 3 models, including proportion of invariable sites (Pinvar) and variable sites estimated using gamma shape parameter.
Molecular clock.-To estimate the time to most recent common ancestor (t MRCA , with SD and 95% credibility interval) among Phyllomys lineages we used the tree topology resulting from Bayesian phylogenetic reconstruction, using all molecular markers. We ran independent analyses in BEAST for each partition (mitochondrial, IRBP, and vWF) using the Bayesian relaxed-clock approach that allowed branch lengths to vary according to an uncorrelated lognormal distribution (Drummond et al. 2006 ). We enforced the tree topology resulting from Bayesian phylogenetic reconstruction using all molecular markers. We used 2 calibration points, the separation of Makalata and other taxa at 11.5 6 3.2 (mean 6 SD) million years ago (mya), and Phyllomys and Echimys at 10.3 6 3.1 mya, as calculated by Galewski et al. (2005) from sequences of vWF with a normal prior distribution. Yule process speciation model was set as the tree prior, and the starting tree was randomly generated. The Markov chains ran for 2 3 10 7 generations with sampling of 1 tree every 2 3 10 3 generations, which resulted in 10 4 trees. Tracer 1.5 (Rambaut and Drummond 2009 ) was used to visualize BEAST output files.
RESULTS
From the 47 Phyllomys specimens analyzed 25 were heterozygous for vWF and 31 for IRBP. We identified 34 Cytb haplotypes and 37 COI haplotypes. The combined data set consisted of 3,876 bp, with 746 variable sites, of which 506 were potentially parsimony-informative, and mitochondrial markers accounted for 74% of these sites. The mitochondrial genes Cytb and COI are linked and show comparable patterns of pairwise genetic divergences (10% and 9.1% on average, respectively) resulting from similar evolutionary rates, so we combined them into a single data set (mtDNA) for analysis. For phylogenetic reconstruction we considered 4 data sets: mtDNA, IRBP, vWF, and a concatenated matrix with all markers. Mean genetic distances among Phyllomys species ranged from 0.4% (IRBP) to 9.6% (mtDNA), and maximum distances ranged from 1.4% (IRBP) to 14.1% (mtDNA; Table 1 ).
In general, within each gene the different optimality criteria recovered similar topologies. The mtDNA Bayesian phylogeny ( Fig. 1 ) recovered several statistically significant (BPP 0.95) inter-and intraspecific monophyletic groups. The monophyly of Phyllomys was confirmed, as was the monophyly of currently recognized Phyllomys species with .1 individual sampled (P. blainvilii, P. dasythrix, P. lamarum, P. nigrispinus, P. pattoni, and P. sulinus). We also recovered 3 monophyletic and genetically divergent lineages, which probably represent undescribed species of Phyllomys. They are treated here as Phyllomys sp. 1 (from the state of Minas Gerais, southeastern Brazil), Phyllomys sp. 2 (from the state of Pernambuco, northeastern Brazil), and Phyllomys sp. 3 (from the state of Rio de Janeiro, southeastern Brazil). In addition, the phylogenetic positions of 2 individuals suggest that they should be reassigned to other species: NSV 160599, previously identified as P. sulinus (Leite et al. 2008) , clustered with P. nigrispinus with a low Cytb genetic divergence (0.8%); and SLF 09, previously identified as P. unicolor (Leite et al. 2007 ), clustered with P. pattoni, also with a low Cytb genetic divergence (1.2%). mtDNA phylogenies inferred from parsimony and maximum likelihood did not show high bootstrap support values (80%) for the monophyly of Phyllomys, and likelihood bootstrap did not support P. dasythrix as monophyletic (Fig. 1) .
The vWF trees did not recover P. nigrispinus and P. sulinus as reciprocally monophyletic and showed poor support for the monopyly of P. blainvilii or P. lamarum (Fig. 2) . However, vWF trees showed 1 relationship that was not recovered by the other data sets: P. mantiqueirensis sister to Phyllomys sp. 3, with high support.
The IRBP maximum-parsimony and maximum-likelihood trees showed the same topology as Bayesian inference but with lower support in the parsimony analysis for most clades (Fig. 3) . IRBP phylogenies had poorly supported basal relationships, recovering only P. dasythrix, Phyllomys sp. 1, and Phyllomys sp. 2 as well-supported monophyletic groups. The concatenated tree (Fig. 4) recovered all well-supported clades of the mtDNA tree and was better resolved. The resulting phylogeny has 2 major clades. One is formed by P. pattoni and P. mantiqueirensis, although not well Phyllomys sp. 3; and P. lundi. Geographically, these 6 evolutionary lineages are distributed across a latitudinal gradient (Fig. 5) .
Different markers recovered similar divergence times among lineages (Table 2) , and estimates from concatenated genes were usually more recent than those from individual markers, except for nodes 10 and 11, which showed lower divergence times for mtDNA. Because the concatenated tree has the best resolution, we discuss divergence times estimated from concatenated sequences (Fig. 5) . The basal split of Phyllomys species occurred at 4.84 6 0.09 mya (mean 6 SD; node 1), P. pattoni and P. mantiqueirensis diversified at 3.69 6 0.12 mya (node 2), and the other Phyllomys lineages began to diversify at 4.34 6 0.07 mya (node 3). The diversification of most lineages within Phyllomys took place during the Pliocene, and the most recent occurred during the Pleistocene between P. brasiliensis and P. lamarum (Fig. 5) .
DISCUSSION
The vWF exon 28 gene was relatively effective in recovering monophyletic species of Phyllomys. However, P. nigrispinus and P. sulinus were not reciprocally monophyletic groups, probably because these sister species in the mitochondrial tree diverged recently (1.46 6 0.05 mya; mean 6 SD), and Table 2 . Numbers below branches are mean time to most recent common ancestor (t MRCA ) in mya for each node, calculated using von Willebrand factor gene (vWF) sequences. Horizontal gray bars represent 95% credibility intervals for time estimates. Clades are arranged geographically according to a latitudinal gradient. Scale bar represents the number of substitutions per site. 1 The Pleistocene-Pliocene boundary has been changed recently to 2.58 mya (Gibbard et al. 2010). therefore retained ancestral polymorphisms due to incomplete lineage sorting (Knowles and Carstens 2007) . vWF also was used successfully by Galewski et al. (2005) for clarifying intergeneric relationships among Echimyidae. This genetic marker seems to be appropriate for reconstructing inter-and intrageneric phylogenies among echimyid rodents and also at various taxonomic levels within the order Rodentia (Huchon et al. 1999; Huchon and Douzery 2001) .
The poorly supported basal relationships resulting from IRBP analyses indicate that this marker is not appropriate for reconstructing the branching events of Phyllomys lineages on its own; however, t MRCA were similar to those from other markers. Because of slow rates of nucleotide substitution typical of exons (Suzuki et al. 2004; Weksler 2003) , diversification times among Phyllomys species might have been insufficient to accumulate apomorphies, resulting in low genetic divergences among species (0.4%). Nonetheless, this gene was successfully used to infer relationships among species of Mus (Suzuki et al. 2004) , which show higher levels of sequence divergence (1.2-3.9%). The lack of resolution in our IRBP phylogeny also could be a consequence of the retention of ancestral polymorphisms (Doyle 1992) . Steppan et al. (2005) suggested that mtDNA should be used to infer phylogenies in groups that diverged within the last 6 million years and would be appropriate only for the most recent relationships among Phyllomys species, which explains the poorly supported basal relationships recovered (Leite 2003 ; this study). All nodes younger than 6 mya (based on the upper 95% credibility intervals) dated using mtDNA sequences are well supported in all analyses using this marker. Our results show that mitochondrial markers reconstructed a phylogeny similar to those using concatenated genes, but with slightly lower support and resolution. This was documented previously (Agnarsson and May-Collado 2008) , reinforcing the importance of using several independent loci for estimating robust species-level phylogenies at various depths of divergence (Brito and Edwards 2008; Steppan et al. 2005) .
The basal polytomy in Phyllomys 1st reported by Leite (2003) was clarified with the addition of taxa and genes, including nuclear markers, in a combined analysis. When analyzing only 1 gene, the phylogeny within Phyllomys is poorly supported, regardless of optimality criteria or genetic marker, although high statistical support exists for the monophyly of the genus at the base of the tree and the species at terminal branches. In contrast, the phylogeny inferred from the concatenated matrix provides better resolution and higher support for clades in general and is therefore our best hypothesis to represent the evolutionary history of Phyllomys.
Inconsistent relationships among genes can indicate a rapid diversification event (Seehausen 2004) or low phylogenetic signal in individual genes resulting in gene trees differing from the species tree (Degnan and Rosenberg 2009). We found some inconsistencies between our mtDNA and vWF trees. In addition, some basal relationships of Phyllomys are not well supported in our results from concatenated genes, corroborating the hypothesis of simultaneous divergence (hard polytomy). Furthermore, the t MRCA calculated for nodes 4, 5, 8, and 9 also are similar at approximately 3 mya. These close estimates suggest relatively rapid speciation events during the early diversification of Phyllomys.
In general, models of speciation for tropical faunas suggest allopatric diversification and vicariant events (Lara et al. 2005) , such as Pleistocene forest refugia (Haffer 1969; Vanzolini and Williams 1970) , riverine barriers (Wallace 1852) , and mountain isolation (Moreau 1966) . The forest refugia hypothesis is the most popular, despite many criticisms (Bush and Oliveira 2006; Colinvaux et al. 1996) . Although initially formulated based on Pleistocene climatic changes, Haffer (1997) proposed that refugial areas also occurred during the Tertiary. Recent paleoclimatic modeling of forestdependent species suggests the presence of stable areas of continuous forest in the Atlantic Forest, which might have acted as refugia (Carnaval and Moritz 2008) . However, these data are from the late Quaternary (6,000 and 21,000 years ago) and therefore too recent to be related to speciation events for Phyllomys. Phyllomys species are arboreal, which supports the view that the diversification of the genus was caused by allopatric speciation following historical forest contractions and expansions (refuge model -Haffer 1969; Vanzolini and Williams 1970) . However, environmental gradients also can lead to speciation by parapatric diversification, which differs from allopatric models because complete suppression of gene flow is not a prerequisite for phenotypic divergence and speciation (Endler 1977; Moritz et al. 2000) . The Atlantic Forest is widely recognized as a distinct biome, but it is inappropriate to treat it as a single climatic unit due to the variation in timing and intensity of dry and wet periods along its range (OliveiraFilho and Fontes 2000; Thomé et al. 2010) . Floristic analyses in the Atlantic Forest (Oliveira-Filho and Fontes 2000) indicate that the east-west differentiation between rain (coastal) and semideciduous (interior) forests is correlated strongly with rainfall, and a north-south differentiation exists within rain and semideciduous forests, caused by variations in both temperature and rainfall. In general, species of Phyllomys tend to occupy adjacent habitats, showing mostly nonoverlapping (parapatric) geographic ranges, throughout both rain and semideciduous forests (Leite 2003) . The geographic distribution and phylogeographic relationships among haplotypes of the northeastern and southern clades of Phyllomys clearly follow a latitudinal gradient. The pattern observed is consistent with diversification along an environmental gradient, where sister taxa occupy different, but adjacent habitats (Lara et al. 2005) . Only a few studies have reported evidence of parapatric speciation among Atlantic Forest small mammals, such as terrestrial spiny rats of the genus Trinomys Thomas, 1921 (Lara et al. 2005 Lara and Patton 2000) .
The basal divergence within Phyllomys was estimated to have occurred in the Pliocene (4.84 6 0.09 mya; mean 6 SD), which is consistent with recent estimates of hystrichognath evolution, including Echimyidae diversification between 15.7 and 20.6 mya (Sallam et al. 2009 ). P. mantiqueirensis, known from 1 specimen collected at Serra da Mantiqueira in southeastern Brazil, is the only species in the genus with a geographic distribution limited to altitudes above 1,500 m. Assuming that habitat preferences of this species have not changed significantly, we hypothesize that speciation leading to P. mantiqueirensis and P. pattoni was parapatric and driven by an altitudinal gradient, because P. pattoni occurs from sea level to about 1,000 m. Most tectonic events involved in the uplift of both Serra da Mantiqueira and Serra do Mar occurred during the Cretaceous . Therefore, these mountain ranges cannot be considered vicariant barriers to these lineages. However, these mountains underwent a slow cooling process into the Quaternary that was responsible for shaping their current morphology (Almeida 1976; Clapperton 1993; . These tectonic events, associated with climatic changes and periodic freezing and thawing of the ground, might have led to parapatric speciation of P. pattoni and P. mantiqueirensis along an altitudinal gradient.
Within the northeastern clade, P. brasiliensis and P. lamarum diverged about 1.05 mya, and their geographic distribution on opposite flanks of Serra do Espinhaço, including the restricted range of P. brasiliensis in marginal habitat, point to a peripheral isolate speciation event (Leite 2003) . P. blainvilii is restricted to humid forest enclaves (brejos) within the Brazilian dry biome known as Caatinga, suggesting historically stable forest formations and a connection between the Atlantic Forest and Amazonia (Costa 2003; Leite 2003) at least 2.27 mya.
Preliminary morphological assessment indicates that there are 3 genetically distinct evolutionary lineages identified in this study, which are probably undescribed species. Phyllomys sp. 1 and sp. 2 do not fit the description of any Phyllomys species currently known, including those that were not sampled in the present study : P. kerri (Moojen, 1950) , P. medius (Thomas, 1909 ), P. thomasi (Ihering, 1897 , and P. unicolor. Phyllomys sp. 3 is morphologically similar to P. kerri, but this taxon is known from only 3 specimens collected at the type locality with no DNA sequences available (Leite 2003) . To confirm their specific status a detailed morphological comparison among them is needed, preferably including additional samples and molecular data. Phyllomys sp. 3 was previously classified as P. nigrispinus (Leite 2003) , based on the morphological similarity between these 2 forms. However, the Cytb sequences of individuals of P. nigrispinus collected in the state of São Paulo, ,100 km from the type locality, had 11.7% genetic divergence from Phyllomys sp. 3, which was collected in the state of Rio de Janeiro.
The records of P. nigrispinus and P. sulinus at Piedade and Cotia in the state of São Paulo confirm their syntopy in this region (R. Pardini, Universidade de São Paulo, pers. comm.) . This occurrence contradicts the idea that syntopy among Phyllomys species probably involves phylogenetically distant species or species that have substantial morphological differences (Leite et al. 2008 ). P. nigrispinus and P. sulinus are considered cryptic species because they share many diagnostic features in skin and skull morphology and previously have been treated as 1 species in the field (Umetsu et al. 2006) . The genetic divergence of the mitochondrial genes between them is low (2.8%), and they form reciprocally monophyletic groups indicating some barrier to gene flow; however, they are not monophyletic based on nuclear genes. The specimen NSV 160599 (skull and skeleton) was 1st identified as P. aff. dasythrix (Leite 2003) and later included in P. sulinus (Leite et al. 2008) . In the present study, however, it clustered with P. nigrispinus, indicating that it had been misidentified in previous works, which were based on both molecular and morphological evidence. Therefore, proper identification of specimens belonging to these 2 species must be based on careful examination of all data, including characters from skin, skull, skeleton, DNA sequences, and karyotypes, when available. Leite (2003) had called attention to the morphological heterogeneity of museum specimens identified as P. nigrispinus, but a taxonomic revision of P. nigrispinus, P. sulinus, and P. kerri is needed to confirm them as distinct taxonomic units at the species level. Leite et al. (2007) recently reported the rediscovery of P. unicolor, a species previously known only from the holotype collected in the early 19th century. The rediscovery was based on a young specimen (SLF 09) collected at the type locality and having morphological characteristics associated with the holotype of P. unicolor-an adult described by Emmons et al. (2002) -and a high level of Cytb sequence divergence (10.9%) from other Phyllomys species from the same locality (Leite et al. 2007 ). However, in the present study we obtained a different Cytb sequence from the same specimen (SLF 09), which places it within the P. pattoni clade, with low divergence from other specimens (1.2%). In addition, sequences of all other genes also placed SLF 09 within P. pattoni. Therefore, the Cytb sequence of this specimen obtained by Leite et al. (2007) should be considered erroneous.
The records of Phyllomys sp. 2 from the state of Pernambuco in northeastern Brazil necessitate a review of specimens from this region previously identified in the literature as P. pattoni or P. blainvilii. The distribution of P. pattoni ranges from the northeast to the southeast of Brazil, but most records are from the states of Rio de Janeiro, Espírito Santo, and southern Bahia (Emmons et al. 2002; Leite 2003) , with a gap of .800 km from the northeast (Leite 2003; Fig. 6 ). This apparent disjunction could reflect lack of collections and museum specimens, but the discovery of Phyllomys sp. 2 in Pernambuco raises the possibility of incorrect identifications of specimens in that region as P. pattoni. The same might have happened with P. blainvilii, which occurs predominantly in forest fragments within Caatinga biome (brejos), except for records near the coast in Alagoas, Pernambuco (Leite 2003) , and Paraíba (Campos and Percequillo 2007; Fig. 6 ), which also might be Phyllomys sp. 2. Specimens of Phyllomys sp. 2 initially were identified as P. blainvilii (P. H. Asfora, Universidade do Estado do Rio de Janeiro, pers. comm.).
The 3 potentially new species indicated in this study increase species diversity from 13 to 16 in Phyllomys. Almost one-half of these species were discovered in the last decade, highlighting our ignorance regarding the taxonomy and diversity of this group. Phyllomys sp. 2 is known only from the Pernambuco endemism center in the northeastern Atlantic Forest, a small and highly disturbed region, where fragmentation has drastically reduced the diversity of mammals (Asfora and Pontes 2009 ). Phyllomys sp. 1 is known only from a single locality in the Rio Doce basin in Minas Gerais, southeastern Brazil, a region also highly altered by human action (Fonseca 1985) . Field and museum studies aiming at describing and cataloging biodiversity are a top priority in biological research, especially in the Neotropics (Patterson 2000 (Patterson , 2002 . Such studies are particularly powerful when associated with morphological, molecular, and ecological data, which allow inferences of current and historical patterns of diversification . Furthermore, most recently described mammal species and the regions they occupy are in urgent need of conservation efforts (Reeder et al. 2007) , as exemplified by the highly fragmented Brazilian Atlantic Forest where Phyllomys species live.
RESUMO
Os ratos-de-espinho do gênero Phyllomys são roedores arborícolas endêmicos da Mata Atlântica brasileira. Análises filogenéticas prévias com DNA mitocondrial resultaram em uma politomia basal das espécies nesse gênero, sugerindo especiação rápida. No presente estudo nós expandimos a matriz de dados adicionando espécimes, genes nucleares e mitocondriais. Nós encontramos 2 clados basais: P. pattoni + P. mantiqueirensis; e outro clado dividido em 6 linhagens: clado sul ([P. sulinus + P. nigrispinus] + P. dasythrix); clado nordeste ([P. brasiliensis + P. lamarum] + P. blainvilii); Phyllomys sp. 1; Phyllomys sp. 2; Phyllomys sp. 3; P. lundi. A descoberta de 3 espécies potencialmente novas demanda uma reavaliação da taxonomia das espécies de Phyllomys. A combinação de marcadores nucleares e mitocondriais aumentou a resolução da filogenia, embora a topologia basal tenha baixo suporte estatístico. O padrão de distribuição geográfica e relações filogenéticas encontrados são compatíveis com eventos de diversificação parapátrica ao longo de um gradiente ecológico, altitudinal iniciado há 3,69 milhões de anos e latitudinal há 4,34 milhões de anos. Leite (2003) and Campos and Percequillo (2007) , and Phyllomys sp. 2 (black circles). We suggest that the identification of specimens from the area delimited by a dotted line should be reviewed, because they might represent misidentified Phyllomys sp. 2. The Atlantic Forest range is shaded.
